Lithium and its compounds are widely used in energy storage materials. Owing to their electrochemical properties, Li-based composites can act as both a good conductor and a semiconductor; switching of the conductivity can be realized by charging and discharging. For example, semiconducting lithium peroxide 1 is composed of two equivalent lithium and oxygen atoms. 2 The formation of this compound is undesirable on the surface of lithium battery cathodes; 3 however, Li 2 O 2 composites plays a key role in large volume Li-air batteries.
3-8 The charge-discharge pathways of Li 2 O 2 have been extensively studied in the determination of suitable battery electrolytes. 3, 6, 8 To further enlarge the charge-to-mass ratio of batteries, nano-and sub-nano-scale charge carriers are considered to be more capable candidates than their bulk counterparts. 9, 10 In contrast to the numerous studies of Li 2 O 2 in the bulk phase, investigations of free Li-O clusters have mainly focused on hyper-lithiated Li 3 O (0, 6) clusters. This set of clusters is of particular interest owing to its excess valence electrons. These clusters have been termed "superalkali atoms" in their neutral or charged forms. [11] [12] [13] [14] Although the structure and properties of Li 3 O clusters have been systematically investigated, 15 their formation processes are not yet fully understood. Furthermore, despite many early studies on the thermochemical properties of free Li-O clusters by mass spectrometry, 16 there has been no physical characterization of lithium bulk oxidation states and those of corresponding cluster formation. As building blocks of many nanomaterials with special functionalities, 17, 18 Li-based clusters also possess unique properties, which could be applied to Li-air batteries. 7 Thus, studies of the formation mechanisms and transformations between Li-O clusters might provide new insights into future energy storage materials.
In this letter, we report on the evolution and transformation of free lithium clusters to superatomic Li 3 O þ . The stability and reaction pathways of Li 3 O þ are predicted by firstprinciples calculations and supported by time-of-flight mass spectrometry (TOFMS) experiments. We propose a physical mechanism for the formation of Li 3 O þ as a competing process to the formation of Li-O clusters during the charge-discharge effect. These processes could be the principle, intermediate, or final stages for future nanostructured Li-air batteries.
To identify potential reaction pathways among lithium clusters, first-principles computations were performed via allelectron relativistic spin-unrestricted calculations with the DMOL 3 program. 19 The revised Perdue-Burke-Ernzerhof (RPBE) functional 20 and double numeric plus polarization basis set with addition of diffuse functions (DNPþ) were used. Convergence criteria for the self-consistent field (SCF) were set to 1 Â 10 À6 hartree for total energy and electron density, 2 Â 10 À3 hartree/Å for the gradient and 5 Â 10 À3 Å for the displacement. Harmonic vibrational analysis was performed at the same level of theory to examine the stability of the lowest-energy isomers and estimate the zero-point energy (ZPE) corrections.
Regular solid lithium with purity of >99.9% was purchased from Sigma-Aldrich for the experiments. Pieces of solid lithium were pressed to form a flat sample over an area of 0.10 cm 2 with a thickness of 0.1 cm. The samples were oxidized in air at different exposure times of 1, 2, 3, and 5 min. The oxidation process was initiated by scraping the surface of the sample to reveal a non-oxidized layer. After the oxidation exposure, the samples were placed in a vacuum chamber, which was pre-filled with argon gas to minimize oxidation during pumping. The chamber was pumped to a vacuum range of 1.0 Â 10 À7 -2.0 Â 10 À6 mbar. This pressure was maintained during all measurements.
A commercial MPL-F-266-30 mW Nd:YAG laser from CNI Laser, Inc., was used as the ablation source with a PSU-H-FDA power supply. The laser was operated as a passively Q-switched pulsed laser. The repetition rate was set to 8.77 kHz with a single pulse energy of E pulse ¼ 4.26 lJ. In addition to photons with a wavelength of 1064 nm, the laser could also produce 532-and 266-nm photons by frequencydoubling the main lasing transition wavelength. The laser beam typically had a Gaussian intensity distribution on the target surface. We detected no influence of the laser beam shape on ion creation, in the broadening of the time-of-flight peaks. The ions created by the laser ablation were collected with Wiley-McLaren TOFMS equipment. 21 Instrumental details can be found from Ref. 22 . The spectrum from each sample was measured for 5 min.
The highly symmetric D 3h triangle structure with oxygen atoms in the center is the most stable structure for the Li 3 O þ cluster according to our geometry optimizations. The reported bond length between the lithium and oxygen atoms of the Li 3 O cation, with the same point group has been reported to be 1.714 Å by Yokoyama et al. 15 This length is in good agreement with the results of our density functional theory (DFT) calculations, which gave a bond length of 1.732 Å . As shown in the aforementioned studies, the Li 3 O þ cluster has enhanced stability owing to its superatomic properties. The orbital characteristics, illustrated in Fig. 1 , show that two valence electrons from the lithium atoms and six valence electrons from the oxygen atom account for the closed-shell configuration of 1S 2 1P 6 molecular orbitals. Thus, the Li 3 O þ cluster contains 8 valence electrons and corresponds to a magic species in accordance with the 18-electron rule. 23, 24 Clearly, the closedshell electron structure is classified as a superatom that consists of specific atoms that share electrons but mimics the chemical behavior of other elements. [25] [26] [27] [28] [29] [30] However, unlike previous reports of magnetic lithium superatoms that were stretched in three dimensions, 31 Li 3 O þ possessed a planar structure while maintaining its superatomic properties. As shown in Fig. 1, two electrons occupied Table I . The clusters on the left side of the reaction pathways are reagents, while Li 3 O þ on the right side is the final product. The heat release was equal to the difference between the sum of the reagent energies and the total energy of Li 3 O þ . All these synthesis reactions released energy, indicating a tendency to form the superatoms. The formation processes started with free lithium atoms or dimers as the primary reagents. In (a), the formation of a superatom from 2Li þ LiO þ gave the highest energy release of 10.47 eV. Thus, this was considered to be the most favorable pathway in the case of neutral gaseous lithium, with a sufficient number of LiO þ clusters. Process (b) can be viewed as a variation of (a) where two lithium atoms first form a Li 2 dimer, which then reacts with LiO þ . Processes (d) and (e) occur when the reactant clusters are Li 0,þ and Li 2 O þ,0 . Less energy was released in processes (d) and (e) than that produced in the processes (a)-(c). This result is unsurprising because in the latter cases the electronegative center of the oxygen has already bonded to two lithium ions and formed a less electronegative Li 2 O or Li 2 O þ . Our time-dependent geometry optimizations for processes (a) and (b) clearly showed that those lithium atoms that were not connected to oxygen drifted toward the oxidized compound to form an equilateral triangle with the D 3h point group. To visualize the formation of the Li 3 O þ , the processes (a), (b), and (e) in Table I 
103901-2 Pauna et al. Appl. Phys. Lett. 111, 103901 (2017) bond between another lithium atom and Li 2 O þ is formed. The Li 3 O þ superatom is stabilized following the convergence of distances between the oxygen and the surrounding lithium atoms. Process (b) has a similar pathway to that of (a) except that it involves a Li 2 dimer instead of two individual lithium atoms. Process (e) can be viewed as the end stage of (a), where the linear Li 2 O þ starts to bond to the Li atom. For more detailed optimizations, see supplementary material videos (1), (2), and (3).
To identify lithium clusters, TOFMS measurements of clusters laser-ablated from oxidized lithium samples were performed. The spectra for oxidation times of 1, 2, 3, and 5 min are presented in Fig. 3 . Mass calibration was performed using the 7 Li þ , 7 Li þ 2 , and 7 Li þ 3 peaks. The mass range below 38 amu where the lithium cluster reagents and the final product (Li 3 O þ , 37 amu) were recorded was studied in more detail. The peaks that are not identified in Fig. 3 were out of the limits of our analysis.
The relative intensities of the peaks varied as a function of oxidation time. For this reason, the time evolution of the oxidized lithium compounds at oxidation times of 1, 2, 3, and 5 min is presented in Table II . The intensities were determined from the integrated TOFMS peak areas. The relative amounts of 7 Li and 6 Li varied between the spectra. This effect was likely caused by low ion yields, asymmetries in the spectra, and pulsed extraction-field disturbances in the spectrometer. For example, for an oxidation time of 1 min, the relative abundances of 7 Li and 6 Li were 91.75% and 8.25%, respectively, and for 5 min the values were 93.92% and 6.08%. Notably Li 3 and LiN molecules have the same mass. However, Li-N compounds are typically formed during combustion rather than slow nitridation in air. Thus, signals from Li-N compounds in the spectra were considered to be negligible.
The Li 3 O þ superatoms appeared on the samples oxidized for 1 min, and were present in the spectra with longer oxidation times. The reasons for the variation in ion abundance may be attributed to free cluster formation or direct ablation of the lithium sample. However, the existence of Li 3 O in the bulk form has not been revealed in the aforementioned references. Thus, we assumed that its formation occurred through other clusters. This assumption is in line with the TOFMS results. In Fig. 3 , many reagent ions in Table I were present in the spectra of samples oxidized for 2 and 3 min. At an oxidation time of 5 min, only the reagents Li þ and Li þ 2 were visible, and the majority of the observed ions were Li 3 O þ clusters. The lithium samples were also exposed to oxidation times longer than 5 min; however, the total ion yields decreased rapidly even if laser ablation was applied for 30 min. This was most likely because of the formation of very stable Li 2 O 2 species. It might be possible to study oxidation times beyond 5 min with a different laser of higher intensity and energy.
The When the formation of Li 3 O þ occurs via process (e), an electron in the HOMO of an existing Li 3 O þ could be excited by this exothermic energy. The excitation of Li 3 O þ followed by relaxation is expressed as
which includes process (e) in Table I . In (1), the storage of energy occurs from left to right (excitation) and release of energy from right to left (relaxation). The stable nature of superatomic Li 3 O þ might enable its storage in certain media, while excitation, relaxation, and decomposition processes offer a large charge volume for the battery based on the species itself as the charge/discharge unit.
In conclusion, we have performed a thorough investigation of cluster formation pathways leading to stable Li 3 O þ . The formation processes were further clarified by mass spectroscopy of laser-ablated oxidized lithium bulk samples. The final product of the oxidation process of lithium in the ionic cluster level was the Li 3 O þ superatom rather than Li 2 O 2 in the bulk form. The unique structure and the HOMO-LUMO gap energy of Li 3 O þ make this cluster a possible building block for an energy storage unit. It is hoped that this work will serve as a starting point for the realization of nanostructured energy storage sources for next-generation Li-air batteries.
See supplementary material for videos (1), (2), and (3) for optimization of processes (a), (b), and (e), respectively, in Table I for Li 3 O þ .
